Koroma AP, Jones R, Michalak P. Snapshot of DNA methylation changes associated with hybridization in Xenopus. Physiol Genomics 43: 1276 -1280, 2011. First published September 13, 2011 doi:10.1152/physiolgenomics.00110.2011.-Hybridization often results in dramatic genome reconfigurations including epigenetic changes that control gene expression. Here we survey methylation patterns of interspecific Xenopus F1 hybrids relative to parental species X. laevis and X. muelleri, using methyl-sensitive amplification polymorphisms (MSAPs). Out of a total of 546 MSAP markers, 364 were effective in elucidating the difference in methylation patterns between the hybrids and the parental species. Principal coordinate analysis of methylated fragments revealed four distinct clusters with the two parental species separate from hybrid males and females. On average, hybrids were characterized by a higher proportion (70.6%) of methylated fragments compared with the parental species (64.5%), and this difference was consistent with previously observed disruptions of hybrid transcriptomes. The proportion of methylated fragments did not correlate with variation in genome size, as measured with flow cytometry. The levels of methylation in sterile hybrid males (73.8%) were higher than in fertile hybrid females (68.6%), but this difference was not statistically significant. A total of 76 methylated fragments (20.9%) were hybrid-unique, presumably originating from methylation alterations in hybrid genomes.
HYBRIDIZATION AND POLYPLOIDIZATION increase genetic diversity, plasticity, and heterosis, and thus all contribute to adaptive potential and evolutionary success. For example, widely distributed and invasive common cordgrass (Spartina anglica) is a recently formed allopolyploid that unlike its noninvasive parental species has undergone rapid adaptation and explosive expansion (7) . S. anglica exhibits morphological plasticity to environmental change, a phenomenon that has been interpreted as being essential to population fitness (37) (38) (39) . Another example is provided by arctic flora, with allopolyploid taxa having been particularly effective at invading newly deglaciated areas, presumably because of their increased vigor and resistance to inbreeding (4) . Genome duplications can also be selectively advantageous in coping with parasites, as suggested in the case of the allopolyploid African clawed frog Xenopus laevis, a species under strong selective pressures from flatworm parasites (14) .
Even when not accompanied by polyploidy, hybrid genomes still undergo dramatic genetic and epigenetic reconfigurations ("genome shock"), including genome size changes (17) . For example, Ungerer et al. (42) found that each of the three hybrid taxa of the genus Helianthus have at least 50% larger genome compared with either of the parental species, and this difference is at least partly due to remobilization of transposable elements and novel karyotypic rearrangements in hybrid sunflowers. Genome size is very important in affecting many basic ontogenetic and physiological processes such as rate of development, metabolic rate, and duration of cell division or complexity of life cycles (9, 12, 15, 18, 43, 44) . Since cell size (CS) and genome size (GS) are positively correlated, however, it is not exactly clear whether the above characteristics are affected by GS or CS.
Cytosine methylation is one of the most important epigenetic mechanisms operating in plant and vertebrate genomes. About 60 -90% of CpG dinucleotides in vertebrate DNA are methylated at the 5=-position of cytosine (41) . The tendency for cytosine to spontaneously deaminate increases with methylation (34) . Methylated cytosine deaminate to thymines. CpG motifs occur at only ϳ1/5 of the expected frequency in bulk DNA, suggesting 5MeC deamination to thymine. CpG-rich regions, known as CG islands, are often found in promoters of housekeeping genes where they typically escape methylation (2) . Methylation of specific CpGs is a mechanism of gene silencing critical during differentiation (1), inactivation of one X chromosome in female eutherian mammals (6) , and gene imprinting (11) . Changes in methylation patterns contribute to aging (13) and cancer (16) . It is becoming increasingly clear that in addition of being a mechanism of host gene regulation, the primary role of methylation is to regulate transposon activity (26, 33, 47) .
Interspecies hybridization leads to a genomic shock that in plants and mammals may include disruption of methylation patterns in hybrid genomes (reviewed in Ref. 27 ). Here we used Xenopus clawed frogs to characterize patterns of global DNA methylation in hybrids relative to their parental species. Xenopus genomes are methylated before and after the first cleavage of the zygote (36) . Hybrid male Xenopus are completely sterile despite having fully formed gonads and motile sperm (25) , whereas hybrid females are fertile (23, 24) . Analysis of the hybrid transcriptome showed a striking asymmetric pattern of misexpression in relation to parental species. There were only ϳ140 genes misexpressed in X. laevis ϫ X. muelleri hybrids compared with X. laevis but nearly 4,000 genes misexpressed in hybrids compared with X. muelleri, suggesting that the X. muelleri part of the hybrid genome was preferentially silenced (25) . Transcript levels were found to be correlated with DNA methylation in two rice subspecies and their reciprocal hybrids (10) . Moreover, it has been shown that altering the transcription of regulatory genes through epigenetic variations is associated with growth vigor in Arabidopsis hybrids (29) .
If DNA methylation is involved in the transcriptional disruption in Xenopus hybrids, we might expect its levels to be aberrant in hybrid genomes. To compare DNA methylation between adult X. laevis ϫ X. muelleri hybrids and parental nonhybrids at the genome-wide level, we used a modification of the methylation-sensitive amplified fragment length polymorphism (AFLP) technique (19) . As genome size alterations in hybrids rather than differential methylation might be directly responsible for observed differences in the proportion of methylated fragments, we controlled genome size by means of flow cytometry.
MATERIALS AND METHODS
Specimens and DNA extraction. F1 hybrids were produced from a cross X. laevis and X. muelleri and maintained in the lab along with their parental species (see Ref. 25 for details). Muscle tissues were extracted from 4 to 5 yr old individuals (4 per taxon/group) and immediately used for DNA extraction (QIAGEN DNeasy Tissue Kit). DNA quality was checked with gel electrophoresis using 1% agarose gel and DNA concentration was measured with a Nanodrop spectrophotometer.
Methylation-sensitive amplification polymorphism. Methylationsensitive AFLP data were obtained using a modified protocol by Liu et al. (19) and Makowsky et al. (22) . The isoschizomers HpaII and MspI were used instead of MseI. Both isoschizomers recognize the same tetranucleotide sequence 5=-CCGG-3= but with different sensitivity to the cystosine methylation. HpaII will not cleave if the internal cystosine is methylated and MspI is only sensitive to methylation of the external cystosine on both strands. If either the external cystosine or a fully methylated CpG site is encountered then the digestion patterns of the two are indistinguishable. EcoRI, a 6 bp cutter, was used in combination with the two restriction enzymes. EcoRI-HpaII amplification products compared with EcoRI-MspI amplification products allow detection of methylation changes. If a fragment is present in both digestions, then the CpG site is unmethylated. However, if it is absent in EcoRI-HpaII digestion but it is present in EcoRI-MspI digestions it is an indication that the internal cystosine is methylated. On the contrary, if it is present in EcoRI-HpaII but absent in EcoRI-MspI digestions then is an indication of methylation of the external cystosine. Using two parallel reactions (EcoRI/HpaII and EcoRI/MspI) genomic DNA was digested at 37°C for 6 h followed by ligation using 75 M of EcoRI adapter and HpaII/MspI adapter with T4 ligase enzyme for 12 h at 16°C. We used 2 l of the restriction digest and ligated product in a preselective amplification reaction using the following PCR conditions 1) initial touchdown procedure with 1 min at 72°C, 50 s at 94°C, 1 min at 50°C, and 1 min at 72°C, 2) 24 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 1 min and extension at 72°C for 1 min, and 3) a final extension at 72°C for 7 min. The PCR conditions for the selective amplification were as follows: 1) initial touchdown procedure with 50 s at 94°C, 1 min at 57°C, and 2 min at 72°C, and 2) 19 cycles of denaturation at 94°C for 15 s, annealing at 56°C for 1 min and extension at 72°C for 1 min. Preselective amplification was obtained using Table 1) . The FAM-labeled EcoRI primer was used for visualization. Selective PCR products were purified using a standard ethanol cleanup protocol and sequenced using an ABI 3130 capillary sequencer with a GenScan Rox 400 HD size standard.
The AFLP fragments were scored using Genemarker program. To minimize complications arising from homoplasy only fragments Ն100 bp were included in the analysis. Also, only peaks with a threshold value Ͼ100 were used, and the fluorescence peaks of each locus were verified for each individual. The remaining fragments were scored and assembled into absent (0) or present (1) fragments to be used for statistical analysis. To infer the methylation status, ECORIHpaII fragments were compared with ECORI-MspI fragments for each individual. Methylated fragments were represented by score one (1) and nonmethylated fragments by zero (0).
Data quality/reproducibility. To ensure a good quality dataset, several precautions were taken. The precautions suggested by Bonin et al. (3) were implemented with modifications. The reproducibility of AFLP markers was tested by running each sample in duplicates for both ECORI-HpaII and ECORI-MspI restriction digestions. All repeatable markers were used. If only one duplicate was present then all the individuals from its group were screened, and if at least one more individual had the fragment duplicated or two-thirds of all the individuals in the group had one duplicate, the fragment was then included. Individuals with two fragment duplicates were assigned a score of one (1), and those with only one or no duplicates were represented by zero (0). The genotyping error rate per individual was calculated as the ratio of fragments with only one duplicate to those with two duplicates. Thus estimated genotyping error rate ranged from 1% to 20% per individual.
Statistical analysis. The binary data were analyzed using GENALEX 6.3 (30) . A pair-wise genetic distance matrix for the binary data was generated producing a profile of individual genetic distances based on discrete values of presence and absence. It is assumed that band presence represents either a dominant homozygote or a heterozygote, whereas band absence corresponds to a recessive homozygote. Based on this assumption an estimate of allele frequencies can be calculated in GENALEX using a frequency base genetic distance. The procedure follows Lynch and Milligan (20) and assumes complete outcrossing. Genetic distances were incorporated into Principal Coordinate Analysis (PCoA), a multivariate method that allows visualization of major patterns within a multivariate data set. The first two axes were used in plotting the patterns of individual population genetic distances. PCoA is more appropriate than Principal Component Analysis for using binary presence/absence data (8) .
Flow cytometry and genome sizes. Flow cytometry was used to quantify genome sizes according to a protocol developed by Rodgers (31) for solid tissue samples. Fragmented fresh muscle tissue ϳ2-3 mm 3 was placed in 1 ml of citrate buffer in a 60 mm, squashed with a micropipette, and run seven times through a hypodermic syringe. The liquid was transferred to a culture tube and stained with 800 l of DNA lysis stain and 20 l of boiling RNase A. It was left in the dark for 20 min and then filtered using a 30 m pore filter. The resulting suspension was then analyzed with a BD LSR II flow cytometer (BD Bioscience) equipped with a 480-nm air-cooled argon laser. The FACS Diva software (BD Bioscience) was used to operate the instrument. Samples were first analyzed individually (n ϭ 2 from each group) and then in the following mixtures: 1) X. laevis-X. muelleri, 2) X. laevis-F1 hybrid, 3) X. muelleri-F1 hybrid, and 4) X. laevis-X. muelleri-F1 hybrid.
RESULTS AND DISCUSSION
Out of a total of 546 methyl-sensitive amplification polymorphism (MSAP) markers found, 364 were methylated (67%), of which 109 (30%) and 102 (28%) were unique for maternal X. laevis and paternal X. muelleri, respectively (Fig. 1) . As with other AFLP markers, all recorded genotypes are presumably either dominant homozygotes or heterozy- gotes. Seventy-six (21%) methylated fragments were diagnostic of hybrids, suggestive of novel methylation states due to interspecies hybridization. The occurrence of methylation repatterning after merging two diverse genomes is well established (47), but to our knowledge this is a first such observation for organisms other than plants and mammals (27) . The PCoA detected four distinct clusters, separating parental species and hybrids, with 69% of variance explained by the first three eigenvalues (Fig. 2, Table 2 ). A total of 66 (35%) maternal and 62 (34%) paternal methylated fragments were absent in hybrids, which can be attributed either to hybrid-specific methylation loss or segregating heterozygosity whereby hybrids receive recessive alleles from both parents (32). To our knowledge, no maternal or paternal imprinting has been observed in amphibians. It is believed that imprinting evolves as a means to maintain a fine balance between competing requirements of the maternal and paternal genomes in the regulation of embryo size and later offspring survival, explaining why it is observed in placental mammals but not marsupials, amphibians, or fish (40) . Hybrids exhibited a higher proportion (71%) of methylated fragments relative to both parental species (64.5%), and this difference was statistically significant (Fisher exact probability test, P ϭ 0.038, two-tailed). It is tempting to speculate that this differential methylation translates into changes of gene expression profiles, as well as, possibly, a phenotype. Indeed, we have previously demonstrated massive gene misexpression in sterile Xenopus hybrids relative to parental nonhybrids (Refs. 23-25; see also Ref. 5 for a critical reanalysis). There has been a remarkable asymmetry in the pattern of misexpression showing that a part of the hybrid genome originating from X. muelleri was preferentially silenced. If DNA methylation contributes to downregulation of the hybrid genome, one would predict that hybrids have increased levels of methylation, which is consistent with our results. Other genetic and epigenetic mechanisms, such as GS changes and chromatin reconfigurations, histone modifications, and small regulatory RNAs can also be responsible for the misexpression pattern in hybrids. However, miRNAs in this system seem to undergo a pattern of massive silencing similar to the rest of transcriptome rather than underlie it (28) .
Hybrid genomes may have dramatically different GS compared with parental species due to polyploidy, aneuploidy, transposon outburst, or other processes leading to chromatin gain/loss. For example, European water frogs (Rana esculenta) constitute a hybrid species that can be either diploid or triploid, but even within the same diploid type genome size may vary as much as 4% (45) . Therefore, although X. laevis, X. muelleri, and their F1 hybrids represent the same ploidy level (2n ϭ 36), we tested a possibility that DNA methylation patterns were correlated with GS. We found that hybrid genomes were of intermediate size between the parental genomes, with X. muelleri and hybrid genomes being 113.5 and 112.3% of X. laevis genome, respectively (Table 3) . Thus DNA methylation levels were not associated with GS.
In contrast to Xenopus, epigenetic effects due to hybridization in plants are typically confounded with those of polyploidization or other major chromosomal alterations. Widespread methylation modifications have been found in allopolyploid Arabidopsis suecica (21). Song et al. (35) reported that in synthetic allopolyploid Brassica there is a sequence elimination directed at the paternal nuclear genome. Salmon et al. (32) showed that sequence elimination in hybrid genome was directed at the maternal genome. In Xenopus, we found no evidence of directed loss of methylated or unmethylated sequences toward either parental species.
Since Xenopus males are homogametic (ZZ) and females are heterogametic (ZW), the hybrid sterility pattern (sterile males and fertile females) violates Haldane's rule. Sex-reversal experiments showed that hybrid male sterility in Xenopus is determined by "physiological sex" rather than sex chromosomes (24) . Hybrid males had slightly higher proportion of methylated sites (74%, Table 4 ) than hybrid females (69%), but this difference was statistically not significant (P Ͼ 0.05). Although the MSAP snapshot of the global DNA methylation pattern in Xenopus does not readily translate into hybrid phenotypes, it is possible that genes responsible for reproduction in males and females are still subject to differential methylation.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
AUTHOR CONTRIBUTIONS
Author contributions: A.P.K. and R.J. performed experiments; A.P.K. analyzed data; A.P.K., R.J., and P.M. interpreted results of experiments; A.P.K. prepared figures; A.P.K. edited and revised manuscript; A.P.K., R.J., and P.M. approved final version of manuscript; P.M. conception and design of research; P.M. drafted manuscript.
